Measles virus infection of unstimulated B lymphocytes suppresses both proliferation and differentiation into immunoglobulin-secreting cells. However, mitogenic stimulation of these infected cells results in cell volume enlargement, rapid RNA synthesis, and the expression of cell surface activation antigens 4F2, HLA-DS, and transferrin receptor. The cellular genes c-myc and histone 2B are induced during early G1 and S phase of the cell cycle, respectively, and viral RNA synthesis can be detected during this interval. However, total RNA synthesis is decreased at 48 h after stimulation, and the histone 2B RNA steady-state level at 48 h is fivefold less than that in uninfected cells. This sequence of events defines an arrest in the GI phase of the cell cycle in measles virus-infected B cells.
Virus-induced immunosuppression is currently a topic of substantial biomedical interest. A number of viruses have been demonstrated to infect lymphocytes, alter their functions, and establish persistent infection (for a review, see reference 17). However, the mechanisms by which viruses disrupt immune-mediated host defenses and cause disease remain elusive. It is evident that these mechanisms are in part a consequence of the replication strategy of the virus in a particular host cell. For example, measles virus is lymphotropic, yet it cannot replicate in lymphocytes unless they are stimulated by a mitogen (11, 26) . One consequence of this restriction is that viral RNA persists in unstimulated lymphocytes (11) . Subsequent mitogenic stimulation of infectedlymphocytes results in efficient viral replication but suppression of lymphocyte proliferation and differentiation (2) . Infected lymphocytes are not lysed during productive infection. In pokeweed mitogen-stimulated cultures, the suppression of immunoglobulin secretion by measles virus is due to infection of B lymphocytes, not T lymphocytes, monocytes, or natural killer cells (16) . Infection of T lymphocytes and monocytes does not decrease the secretion of B-cell growth and differentiation factors or cause the production of suppressive factors. Infected B lymphocytes do not proliferate or secrete immunoglobulins.
After stimulation by a mitogen, B lymphocytes undergo a process of activation, proliferation, and differentiation in response to growth and differentiation factors (for a review, see reference 12) . Cellular activation and progression through G, can be observed by increases in cell volume, RNA synthesis, and expression of cell surface activation antigens. The present experiments address the question of when in the B-cell cycle measles virus acts to block immunoglobulin secretion, during activation and progression through G, or later during the stages of proliferation and differentiation.
Reagents. Staphylococcus aureus Cowan 1 was a suspension of Formalin-fixed S. aureus cells (Bethesda Research Laboratories, Inc., Gaithersburg, Md.). Anti-mu antibody was the F(ab')2 fragment of goat anti-human heavy chainspecific immunoglobulin M (IgM) (Tago, Inc., Burlingame, Calif.). B-cell growth factor (BCGF), with lectin removed and free of interleukin-2 (IL-2) and interferon activity, was purchased from Cellular Products, Inc. (Buffalo, N.Y.). 12-O-Tetradecanoylphorbol-13-acetate (TPA) (Sigma Chemical Co., St. Louis, Mo.) was dissolved at 1 mg/ml in 95% ethanol and diluted in culture medium before use. The Ca2+ ionophore A23187 (Boehringer Mannheim Biochemicals, Indianapolis, Ind.) was dissolved in dimethyl sulfoxide at 5 mg/ml and diluted in culture medium before use. Recombinant IL-2 (lot no. LP210) was obtained from Cetus Corp. (Emeryville, Calif.). Actinomycin D (Calbiochem-Behring Diagnostics, La Jolla, Calif.) was dissolved at 1 mg/ml in water. Mouse monoclonal antibody anti-4F2 was prepared as described previously (10) . The monoclonal antibodies, anti-HLA-DS (Leu-10) and anti-transferrin receptor, were purchased from Becton Dickinson Monoclonal Center, Inc. (Mountain View, Calif.). The fluorescein conjugate of a goat F(ab')2 anti-mouse IgG (Tago, Inc.) was used as the second antibody. Plasmids containing cDNA clones of the measles virus nucleoprotein gene (cloned in pBR322; donated by Robert Fujinami, Department of Pathology, University of California, San Diego) (9), human c-myc (pHSR-1; American Type Culture Collection, Rockville, Md.), and histone 2B (cloned in pSp62; donated by Jay Nelson, Department of Immunology, Research Institute of Scripps Clinic) (28) were prepared by standard methods. The full-length inserts of the measles virus nucleoprotein and the histone 2B clones and the EcoRI-ClaI fragment of the c-myc clone were used as templates to prepare 32P-labeled cDNA probes of high specific activity by a method of primer extension with mixedsequence hexadeoxynucleotides (Pharmacia, Inc., Piscat- away, N.J.) (7) . Cell preparations. Human tonsils were obtained surgically from patients with chronic tonsillitis, and single-cell suspensions were prepared as described previously (29) . Tlymphocyte depletion was accomplished by two cycles of rosetting with 2-aminoethylisothiouronium bromide-treated sheep erythrocytes (6) . Tonsil B lymphocytes were size fractionated by counterflow centrifugal elutriation (Beckman model J-6B; Beckman Instruments, Palo Alto, Calif.) as previously described (20) or by density centrifugation on discontinuous gradients of Percoll (Pharmacia, Uppsala, Sweden) (5 Fig. 1 ). Infected cells responded as well as uninfected cells did to the mitogens; that is, mean cell volumes and kinetics of the response were similar in both groups of cells. The increase in cell volume with stimulation was detected in unfractionated tonsil B lymphocytes but was clearer when small B cells had been fractionated by elutriation or on Percoll gradients (Fig.  1) . As documented previously (12) , this event coincides with entry of cells into G1 of the cell cycle. (ii) New RNA synthesis. Small tonsil B lymphocytes stimulated with S. aureus Cowan 1 were tested for RNA synthesis by [3H]uridine uptake at 24 and 48 h of culture.
Uninfected B cells responded to stimulation with increased RNA synthesis at 24 and 48 h (Fig. 2) . RNA synthesis by stimulated infected B cells also increased but not significantly more than that by the uninfected cells at 24 h. At 48 h after stimulation, there was a 20 to 50% decrease in RNA synthesis by infected compared with uninfected cells. The amount of RNA synthesis in stimulated infected cells that could be attributed to viral replication was not detectable using this assay. Measles virus RNA synthesis is relatively resistant to actinomycin D (1, 30 (Fig. 2) .
In RNA blot hybridization experiments, the steady-state level of measles virus nucleoprotein RNA was compared with the levels of two cellular mRNAs induced at different times in the cell cycle. Transcription of the cellular gene c-myc is markedly elevated 1 h after mitogenic stimulation of lymphocytes (14, 28) , and then the steady-state level falls gradually through the cell cycle. The amount of histone 2B mRNAs, however, is greatly increased in S phase (23) . Total cellular RNA was extracted from uninfected or measles virus-infected B lymphocytes at various times after stimulation with TPA plus Ca2+ ionophore. RNAs blotted onto nitrocellulose were hybridized sequentially with probes specific for histone 2B (autoradiograph exposure, 4 days), c-myc (exposure, 4 days), and measles virus nucleoprotein (exposure, 4 h). There were major increases in hybridization signal with infected-cell RNA for measles nucleoprotein, c-myc, and histone 2B at 48, 2, and 48 h, respectively (Fig. 3) . Comparing infected-with uninfected-cell RNA, there was less hybridization for c-myc at 2 h but nearly equal hybridization at 48 h. The increase above base-line signal for histone 2B at 48 h was approximately fivefold less with infected-versus uninfected-cell RNA. Other minor differences in hybridization between uninfected-and infected-cell RNA, as well as the hybridization of uninfected-cell RNA at 48 h with measles nucleoprotein, were not reproducible in other experiments.
(iii) Cell surface antigen expression. The third parameter of B-cell activation we examined was the expression of the cell surface antigens 4F2, HLA-DS, and transferrin receptor. The first, 4F2, is a glycoprotein induced after stimulation of a wide variety of cells (10) . Second, the major histocompatibility complex class 2 antigen HLA-DS, considered to be the human homolog of the murine IA antigen, is present on a majority of resting B lymphocytes, but the amount of antigen and the number of antigen-positive cells increase after stimulation (13 . This is the first report to our knowledge of the effect of a nontransforming virus on a lymphocyte during progression through the cell cycle. Previous reports have shown that measles virus suppresses lymphocyte proliferation (25) and the differentiation of B lymphocytes into immunoglobulin-secreting cells (16) . The present experiments were undertaken to define the stage of the cell cycle at which infected B lymphocytes are arrested. After mitogenic stimulation of small resting B lymphocytes, measurable increases in cell volume, RNA synthesis, and cell surface antigen expression during the first 48 h characterize cellular activation and progression through G1 (12) .
Measles virus infection of B lymphocytes does not itself produce these changes. However, as described here, both infected and uninfected B lymphocytes stimulated by various mitogens increase in cell volume with similar kinetics. Total RNA synthesis by infected, stimulated B lymphocytes is not suppressed at 24 h, but there is a consistent 20 to 50% reduction compared with uninfected cells at 48 h. The (Fig. 4) . Neither mean fluorescence intensity nor time of expression decreases in infected cells compared with uninfected cells for 4F2, HLA-DS, and transferrin receptor, although the number of infected cells expressing 14LA-DS and the transferrin receptor is slightly decreased relative to uninfected cells.
An alternative explanation of these results is that measles virus infection does not block cell cycle progression, but that the infection suppresses proliferation and immunoglobulin secretion independently. However, if measles virus is added to pokeweed mitogen-stimulated cultures after day 3 of a 7-day culture, the suppression of immunoglobulin synthesis progressively decreases (2) . Already differentiated functions of lymphocytes are not suppressed by the virus (for a review, see reference 17). With few exceptions, in vitro models of 1D-lymphocyte differentiation demonstrate an obligatory coupling of proliferation to immunoglobulin secretion. A variety of nonviral agents have been shown to arrest stimulated B lymphocytes in G1 of the cell cycle, including cyclosporin A (19), diterpine forskolin (21) , and an antibody reactive with the Bi cell surface protein (27) . Usually both proliferation and immunoglobulin secretion are suppressed. Reversible inhibition of B-cell proliferation with aphidicolin also blocks immunoglobulin secretion by murine B cells (24) .
Measles virus infection of T lymphocytes doos not block mitogen-induced secretion of IL-2 or IL-2 receptor expression, but proliferation is suppressed (unpublished data). One might speculate that the cytopathic effect of measles virus in lymphocytes and the mechanism of imtnunosuppression during infection in vivo are reducible to a common mechanism resulting in cell cycle arrest in Gl. The induction or suppression of cellular genes regulating cell proliferation during viral replication in activated lymphocytes is the subject of work in progress.
